In this work we review the formalism normally used in the literature about the effects of densitydependent magnetic fields on the properties of neutron stars, expose some ambiguities that arise and propose a way to solve the related problem. Our approach uses a different prescription for the calculation of the pressure based on the chaotic field formalism for the stress tensor and also a different way of introducing a variable magnetic field, which depends on the energy density rather than on the baryonic density.
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I. INTRODUCTION
Neutron stars are objects with densities much higher than those found in terrestrial laboratories, what makes them a valorous subject of study. Observations of anomalous X-ray pulsars and soft gamma-ray repeaters indicate that the magnetic field in the surface of some neutron stars could be larger than it was previously thought, reaching values as strong as 10 14 − 10 15 G. These objects are called magnetars [1] [2] [3] [4] . Although fields of the order of 10 15 G do not affect the main properties of neutron stars, fields larger than 10 18 G are expected in the neutron star core due to the scalar Virial theorem [5] . To simulate the variation of the magnetic field with the density, an ad hoc exponential density-dependent magnetic field was proposed in ref. [6] and widely adopted in subsequent works [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
The main problem found is that the formalism commonly used does not seems to be precise. As pointed out by two classical books of gravitation [18, 19] , when anisotropies are present, the concept of pressure must be treated with more care. Moreover, macroscopic properties of the neutron stars, as mass and radii, now depend not only on the strength of the magnetic fields, but also on the way in which it varies with the density. However, since it was introduced in an ad hoc way, the macroscopic properties depend on arbitrary free parameters, compromising the accuracy of the results.
In this work we try to fix these issues introducing the chaotic magnetic field approximation [19] . Within this approach, the contribution of the magnetic field yields the well-known radiation pressure, circumventing the problem of anisotropies. Also, we propose that the magnetic field be coupled to the energy density rather than to the number density. This seems a more natural approach since it is the energy density, instead of the number density that determines the macroscopic quantities mass and radius in the TOV equations [20] . With this new assumption, the number of free parameters is reduced from two to only one (γ). Moreover, as we will see, within the chaotic field approximation, for γ ≥ 2.0, we obtain a parameter free model! The effects of magnetic fields in neutron stars are discussed within two possible star configurations: with and without hyperons. The probable existence of hyperons in neutron star interior is an old subject of study [21] but still a very active field of research [22] [23] [24] [25] [26] .
This works is organized as follows. We first discuss briefly the formalism and parametrization of nuclear matter subject to strong magnetic fields, and present the current proposal of density dependent magnetic field. Then we discuss the ambiguities due to the anisotropy and the free parameters, and how much they influence the macroscopic properties of neutron stars. After, we introduce our proposal within the chaotic field approximation, showing how this formalism avoids the problem of anisotropies, and then present our model with the energy density dependent magnetic field. Finally, we prove that this proposal contributes to a parameter free model and helps with the puzzle of small neutron star radii. At the end, the conclusions of the present work are drawn.
II. CURRENT FORMALISM AND RESULTS
We use an extended version of the relativistic QHD [27] , whose Lagrangian density reads:
in natural units. The sum in b stands just for the nucleons or for all the baryon octet, depending on our choice for the star constituents, ψ b are the Dirac fields of the baryons, σ, ω µ and ρ µ are the mesonic fields, and A µ is the electromagnetic four-potential. The g ′ s are the Yukawa coupling constants that simulate the strong interaction, m b and e b are the mass and the electric charge of the baryon b; m s , m v , and m ρ are the masses of the σ, ω, and ρ mesons respectively. The antisymmetric field tensors are given by their usual expressions as presented in [22] . The U (σ) is the self-interaction term introduced in ref. [28] to fix some of the saturation properties of the nuclear matter. We also define M * b as the effective mass of the baryon b:
In the presence of a magnetic field B in the z direction, the energy eigenvalue E b , and the number density n b of charged baryons are quantized:
where the discrete parameter ν is called Landau level (LL). The uncharged baryons keep their usual expressions [22] . The mesonic fields are obtained by mean field approximation [13, 22, 27] and the equation of state (EoS) by thermodynamic relations [29] . To construct a β stable matter, we also include leptons as free Fermi gas and impose zero net charge and chemical equilibrium.
To describe the properties of nuclear matter we use the well-known GM1 parametrization [30] , a widely accepted parametrization [14, 15, [22] [23] [24] [25] [26] that is able to reasonably describe both, nuclear matter and stellar structure, consistent with experimental and astrophysical observations [26] .
To fix the hyperon-meson coupling constant, we follow ref. [26] , which use a complete SU(3) model to fix all meson-baryon interaction. Moreover, the vector mesons are fixed within a more restrictive SU(6) parametrization, while the scalar mesons are fixed within a nearly SU (6) parametrization. In other words, the hyperon-meson coupling constants are:
A. Standard density-dependent magnetic field
In the current literature, the contribution of the electromagnetic field (B 2 /8π) is directly summed to the EoS to give the total energy density and pressure [8-10, 13-15, 17, 31] as:
where the subscript M stands for the matter contribution for the EoS. To simulate the variation of the magnetic field with the density, an ad hoc exponential densitydependent magnetic field is normally utilized [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] :
where B surf is the magnetic field on the surface of the neutron stars, taken as 10 14 G, n is the total number density, and n 0 is the nuclear saturation density. Then B is replaced by B(n) in the term B 2 /8π in the EoS. From Eq. (4) a large ambiguity arises immediately. Since neither the Lagrangian (Eq. (1)) nor the astronomical observation contain information about how the magnetic field vary in neutron star interiors, any values of the non-observables parameters β and θ are equally valid. Indeed, in the literature there are several sets for theses parameters. We analyse how some of them affect the macroscopic properties of neutron stars. The chosen ones are presented in Table I .
[12] VII 6.5 × 10 −3 3.5 Ref. [13] TABLE I. Different values for the non-observables parameters β and θ. We also compare with the zero magnetic field approximation.
The validity of the results depends on the strength of the magnetic field. Ref. [32] shows that the EoS can be treated as practically isotropic for fields up to 3.1 ×10
18 G, and a more recent work [33] corroborates this result. As in ref. [13] [14] [15] , we follow this prescription and utilize the value of 3.1 ×10 18 G as an upper limit for the magnetic field, although we can find fields as high as 10 19 G in recent works [17] . Now we solve the TOV equations [20] using the EoS from Eq. (4) as input. The massradius relation for neutron stars with and without hyperons and their corresponding EoS are plotted in Fig. 1 for some sets of β and θ.
Hyperons included
Nucleons only We also resume the properties of the maximum mass neutron star in Table II for all chosen sets. We see that the magnetic field always hardens the EoS, increasing the maximum possible mass. However, the inherent ambiguity present in the non-observable parameters is strongly reflected on the maximum possible mass and the radius of the neutron stars.
Note that all results are obtained using the GM1 parametrization and the same hyperon-meson coupling constant values. Moreover, the contribution of the magnetic field to the matter, the Landau quantization in the energy eigenvalue and in the number density as expressed in the Eq. (2), the number of Landau levels and ǫ M and P M in Eq. (4), are calculated with a fixed value of the magnetic field; in our case B = 3.1 × 10 18 G; and having therefore, exactly the same values. The variable magnetic field only affects the proper energy density and pressure, given by the term B 2 /8π. If someone wonders about how much the magnetic field influences the EoS and the macroscopic properties of the neutron stars, the most sincere answer is we don't know, since we don't know how the magnetic field varies inside the neutron star interior. The mass could vary from zero if we choose Set IV to 1.08M ⊙ within the Set VI for a star with hyperons in the core. Even when the maximum mass is similar, as in Sets II and V, the value of the radius is significantly different. Also, within Set VI, the EoS with and without hyperons are almost degenerate, predicting maximum masses and radii very close to each other, and having their maximum masses very close to the theoretical limit of 3.2M ⊙ [34] . We can also vary the magnetic field in the matter (ǫ M and P M ) as in ref. [14, 17] , however we chose not to follow this way since we want to emphasize the influence of the term B 2 /8π itself. Moreover, ref. [14] shows that the results do not change considerably by maintaining or not the density dependence of the magnetic field applied to the matter.
III. CHAOTIC MAGNETIC FIELD
Now, we try to fix the severe ambiguity raised in the last section. Our first query is about the formalism of directly adding the term B 2 /8π in the pressure [8-10, 13-15, 17, 31] , as presented in Eq. (4). This would be correct only if all components of the stress tensor were equal, as pointed in ref. [18] , "if they are not identical, a rotation in the frame of reference will reveal the presence of shear stress (pag 140)", however, for a magnetic field in the z direction,it is well-known that the stress tensor has the form: diag(B 2 /8π, B 2 /8π, −B 2 /8π), being non identical. Ref. [19] go beyond and stands that in the presence of magnetic field the concept of pressure is lost. Nevertheless, they give us a way to treat the effects of magnetic field: "It is possible to describe the effect of the magnetic field by using the pressure concept only when we are dealing with a small-scale chaotic field (pag 158)". In this case the stress tensor reads: diag(B 2 /24π, B 2 /24π, B 2 /24π), avoiding the anisotropy problem, and yielding P = ǫ/3, a radiation pressure formalism. This also agrees with the field theory, where the pressure is calculated as [27] , even without the chaotic field approximation.
So, to study the influence of the magnetic field in neutron star interior, instead of using Eq. (4), the Eq. (7) seems more suitable:
Now we plot the mass-radius relation and their corresponding EoS in Fig. 2 within the formalism of Eq. (7) and resume the main properties of the maximum mass neutron star in Table III . When we utilize the radiation pressure formalism, a curious behaviour appears. If on one hand the quantitative uncertainties about the maximum mass are significantly reduced (∆M < 0.18M ⊙ ), qualitatively, different configurations now display opposite behaviours. While the magnetic field seems to increase the mass of neutron stars with hyperons in the core, the largest neutron stars, which have no hyperon, have lowered their maximum masses. This softening of the EoS have already been related before for strong magnetic fields [6, 35] .
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A. Magnetic field coupled to the energy density
Another concern is about the ambiguities of the different sets of β and θ. The first point is that, since is the energy density and not the number density that are relevant in the TOV equations to calculate the macroscopic quantities, it is more natural to use ǫ instead of n. The second point is to try to construct a model that reduces the number of free parameters. We postulate:
where ǫ c is the energy density at the centrer of the maximum mass neutron star with zero magnetic field and γ is any positive number, reducing the number of free parameters from two to only one. B 0 is the fixed value of magnetic field, in our case 3.1 × 10 18 G. Also, in this way the magnetic field is no longer fixed for all neutron star configuration. Each EoS produces a different value for ǫ c that enters in Eq. (8) . For our particular case, ǫ c = 5.01f m −4 for neutron stars with hyperons and ǫ c = 5.69f m −4 for neutron stars without hyperons in the core, ensuring that the magnetic field does not exceed B 0 . We study the effects of the energy densitydependent magnetic field for γ varying from 1 to 5. We plot in Fig. 3 how the magnetic field varies with the total energy density (ǫ M + B 2 /8π) for different values of γ. We see that for lower values of γ the contribution of the magnetic field is stronger. This is expected, since for ǫ < ǫ c , the term ǫ/ǫ c is lower than 1. We also see that for energy densities around ǫ c the value of the magnetic field is about 2.0 × 10 18 G, more than 30% bellow the limit of 3.1 × 10 18 G. Now we plot the influence of the energy density-depend magnetic field within the chaotic field approximation in Fig. 4 and resume the main properties of the maximum mass neutron star in Table IV for different values of γ.
We see that with the energy density-dependent mag- 
FIG. 3. (Color online)
Magnetic field as a function of total energy density for neutron stars with (a) and without (b) hyperons netic field our uncertainty drops dramatically. When we introduce the chaotic magnetic field approach, the uncertain of the maximum mass drops from 1.08M ⊙ to 0.18M ⊙ . Now with energy density-dependent magnetic field, our uncertainty reaches a maximum of 0.05M ⊙ . Also, for γ=1.0, the radius of the neutron stars grows, while for γ ≥ 2.0 the radius decreases. For instance, for the canonical 1.4M ⊙ , in the absence of the magnetic field. the radius is 13.8 km. Utilizing the energy densitydependent magnetic field, for γ = 1.0, the radius becomes 14.3 km, however, for γ ≥ 2.0 the radii of the canonical neutron star masses are all equal to 13.6 km, a value lower than in the zero magnetic field approximation. Nevertheless, since there is no significant variation in the values of the maximum masses, in this regime (γ ≥ 2.0) we are able to construct a true free parameter model! Notice, however that in case we had used Eq.( 4) rather than Eq. (7), even with the new prescription for the magnetic field, the maximum stellar mass would once again be parameter dependent, varying from 2.15M ⊙ for γ = 2.0 to 2.03M ⊙ to γ = 5.0, enhancing the importance of the use of the chaotic magnetic field approximation. Although the formalism derived from Eq. (7) seems more suitable than the one obtained from Eq. (4), the matter of how the magnetic field varies in the neutron star interior is still unknown. Notice that sets II to VII in Table III and all values of γ in Table IV are, at first, all on equal footing. Therefore, to constrain the variation of the magnetic field in the neutron star interior additional information is required. Recent progress on neutron star radii are seen in both, theoretical and observational methods [36] [37] [38] . Hence, our proposal given in Eq. (8) for γ ≥ 2.0 seems more suitable, since it predicts lower radii, in both configuration, with and without hyperons, reducing the radii even when compared with those obtained at zero magnetic field. Moreover, based on a chiral effective theory, ref. [36] constrains the radius of the canonical 1.4 M ⊙ neutron star to 9.7 -13.9 km. In this case, as seen from Fig. II , sets V and VI have to be ruled out, so as γ = 1.0, once the canonical neutron star show a radius beyond the theoretical limit. Also, the gentle increase of the maximum mass agrees with more sophisticated calculations that consider the anisotropy in solving Einstein's field equation [16] , even though it is worth to remember that the problem of the non-observable parameters β and θ is still present in ref. [16] .
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To finish our analyses we discuss the limitations of our model. Although the chaotic magnetic field gives us a more suitable interpretation of the magnetic field pres-sure, and the energy density-dependent magnetic field give us a model free parameter, there is still the fact that a variable magnetic field violates one of Maxwell's equations, since the divergent of the magnetic filed is no longer zero. This is a problem present in all models with variable magnetic field [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Nevertheless it is worth bering in mind that we are dealing with approximations and a variable magnetic field agrees with the scalar Viral theorem [5] .
IV. CONCLUSION
In this work we review the current formalism used to consider magnetic fields on neutron star properties. We see that the ambiguities found come largely from an inadequate formalism to introduce the contribution of the magnetic field to the pressure, since it does not take into account the anisotropy on the stress tensor [8-10, 13-15, 17, 31] . To solve the problem, we choose the chaotic magnetic field, that skirts the matter of the anisotropy and agrees with both thermodynamic [18, 19] and field theory [27] concept of pressure. The first consequence of this choice is the strong decrease of the quantitative uncertainty on the influence of the magnetic field. While in the standard models, the magnetic field could increase the maximum mass to values beyond 1.08M ⊙ , in the chaotic magnetic field approximation the variation of the masses are never superior than 0.18M ⊙ . Constraining the radius of the neutron stars to the recent studies [36] [37] [38] , the uncertainty drops to a maximum of 0.07M ⊙ .
Our second task is to eliminate the ambiguities of the variation of the magnetic field by introducing the energy density-dependent magnetic field with only one free parameter γ, in opposition to the density dependent magnetic field that has two free parameters. Moreover, since the only acceptable values are γ ≥ 2.0, due to the radius constraint, we have prescribed a true parameter free model. Another point that is worth bearing in mind, is that since we do not know how the magnetic field varies in the neutron star interiors all parametrizations of the magnetic field are equally valid. The advantages of using Eq. (8) are: first, parameter free model; second, the magnetic field couples to the energy density, which is a relevant parameter in solving the TOV equations, in opposition to Eq. (4), where it couples to the number density. Third, produces neutron stars with small radii, in a better agreement with the recent studies on this subject [36] [37] [38] .
We finish our work stating that the magnetic field has just a subtle contribution to the maximum mass, around 2 − 3%. Increases of the order of 10% or even higher as found in [9, 13, 14, 17 ] seems rather artificial due to an inadequate choice of the formalism to treat anisotropies. Nevertheless, besides the energy symmetry slope, the magnetic field plays a subtle but not negligible role in the neutron star radii puzzle.
